Abstract-Due to the scarcity of the spectrum, there is a current tendency to offer novel shared access licenses in order to increase the overall spectral efficiency. Under this context, license shared access (LSA) has appeared as an alternative to the exclusive license and license-exempt mechanisms, which so far have dominated the wireless communications. LSA provides shared access to a given set of users under certain conditions which must be optimized in order to foster the shared use of the spectrum, while maintaining certain restrictions on the generated interference. In this paper we consider a LSA system where both satellite and terrestrial wireless service providers share a given frequency band. Basically, the constraints in the LSA scenario reduce to the control of the received signal power within the coverage area. We focus on the precoding scheme in multi-beam satellite systems restricting the received power of the satellite user terminals to be under certain threshold. The objective is that the terrestrial wireless service provider observes the satellite signal power strength under a certain value, providing a peaceful coexistence between both services. Two traditional linear precoding techniques are properly modified in order to satisfy the receiver power constraints. The optimum precoder results to be zero forcing (ZF), in terms of maximum achievable sum-rate, nevertheless the so-called minimum mean square error (MMSE) exhibits better power efficiency than the ZF, in terms of bps/Hz unit power used at the transmitter.
I. INTRODUCTION
Next generation of wireless services providers will need more frequency resources in order to deal with the exponentially increasing high data rate user demands. As the spectrum is limited, a more aggressive frequency reuse is expected, leading to an ideal complete spectrum sharing between transmitters. This is the case of IEEE 802.11 wireless local area networks (WLAN) where several access points can simultaneously transmit in the same building in an uncoordinated fashion.
Nevertheless, when wide area network (WAN) services are targeted, spectrum sharing becomes more difficult. Indeed, since more transmit power is required; the interference power levels severally increase whenever full frequency reuse is performed among different transmitters. Therefore, it is essential to carry out an intelligent interference management between all the communication agents jointly with a more efficient spectrum management. In order to solve this problem, European commission (EC) is fostering new forms of spectrum regulation [1] . The major objective is that certain portions of spectrum can be used by several owners, leading to very high spectrally efficient systems.
So far, the use of the spectrum has been dedicated to either a single licensee or for free usage, as it is the case at the industrial, scientific and medical (ISM) band. In contrast to the current spectrum license management, the licensed shared access (LSA) concept provides a spectrum sharing access to a limited number of users under certain regulatory conditions. Note that this new concept consists of a mixture of the classical spectrum management policies since a licensed exempt access is provided only to a limited number of users. In addition, unlike the current spectrum licenses where the regulatory conditions are focused on the transmit power; the regulatory conditions are open to be defined by the licensees in LSA. Remarkably, the spectrum regulatory conditions selection is not an easy task since it depends on several variables: hardware complexity, target coverage, interference management techniques, etc.
Furthermore, several industries are also fostering this new spectrum management mechanism under the name of authorized shared access (ASA) [2] . This industry driven concept is a particular case of LSA where a license holder, the incumbent, provides shared access to a limited number of users whenever the incumbent does not employ the band. The difference between the cognitive and opportunistic-shared use of the spectrum and ASA is that, in the second case, the license holder advertises when and where is not going to use the band. This paper focuses on the case where both a terrestrial and satellite systems are under a LSA license. In other words, the satellite component can use certain frequency band simultaneously with terrestrial operators under certain regulatory restrictions. The benefits of this approach are twofold. First, an unique user terminal can make use of either the satellite component or the terrestrial one, depending on the coverage and congestion. Second, as more than one agent transmits in the same frequency band, the spectral efficiency can be increased, whenever an appropriate regulation mechanism is conceived.
It is worthwhile to mention that current trends on the shared use of the spectrum are already reported for some frequency ranges in the Ka band [4] . At the same time, several efforts are devoted to novel approaches of spectrum sharing between terrestrial and satellite system (See for example reference [4] ). Nevertheless, from the authors knowledge there are not substantial contributions to the proper precoder for multi-beam satellite systems for the mentioned scenario.
The major objective of this work is to contribute to the complete shared use of the spectrum by the design of the proper precoding matrix that allows the coexistence between satellite and terrestrial terminals working in the same frequency band.
Considering the work initiated by [5] , where the use of received power constraints are proposed as a regulatory mechanism, hereafter the use of the total received power restrictions in the satellite-terrestrial LSA scenario is proposed as well. Under this context, the satellite can transmit information at a certain frequency band, while ensuring that the total amount of signal strength at the receiver is under a certain threshold in a given coverage area. This constraint aims to preserve the satellite power signal bounded at the Earth so that the terrestrial terminals can continue operating in the same band. Figure 1 depicts the target scenario. Fig. 1 . This figure represents a multibeam satellite communication providing coverage to certain users and a terrestrial radio link operating the in same frequency band. Our objective is to design the multibeam satellite precoding so that the total power strengh in the coverage area is under a certain threeshold.
The terrestrial transmission technique is not considered along this paper. Instead, we focus on linear precoding in multibeam systems. In these systems, the multiple beams make use of the same frequency band; in consequence, side lobes generate a considerable multiuser interference. This interference can be reduced by means of adequate precoding in the forward link and interference cancellation in the return one.
It is reported how two traditional linear precoding techniques have to be modified in order to preserve the regulatory constraint. These schemes are modified versions of the zero forcing (ZF) and the regularized zero forcing (RZF), also referred as virtual signal to noise ratio (VSNR) or minimum mean square error (MMSE). Since no other design has been provided for the MIMO broadcast channel with receive power constraints, we compare both solutions in terms of achievable rates and transmit power efficiency.
The rest of the paper is organized as follows. Section II describes the channel model of a multibeam satellite system. Section III provides the new designs based on linear precoding techniques, where the receive power is set as a constraint, instead of the traditional one which refers to the available power one. In section IV numerical simulations are presented and the different conceived precoding designs are evaluated. Section V concludes the work.
Notation:
We adopt the notation of using lower case boldface for vectors, v, and upper case boldface for matrices, A. The transpose operator and the conjugate transpose operator are denoted by the symbols (·) T , (·) H respectively. λ max denotes the eigenvector associated to the maximum eigenvalue. E[·] denotes expectation. I N denotes the identity matrix of dimension N and C denotes the set of complex numbers. (A) i,j corresponds to the (i, j)-th entry of matrix A.
II. MODEL
Prior to defining the channel model it is important to remark that this work only focuses on the satellite transmission optimization. Indeed, in this paper we design the precoding of the multibeam satellite system which has a restriction on the receive power on the satellite terminals. It remains open how the terrestrial transmission scheme is obtained in order to preserve the regulatory conditions in this satellite-terrestrial shared access.
Let us consider a multibeam broadband satellite with fixed receivers, where a single gateway is provisioning the signals to be transmitted, and the satellite performs a fixed on-ground beamforming. Towards a spectrally efficient communication, all beams share the same frequency band and, in a given time instant, they serve a total of K users within the system. The number of beams is K (i.e. one user per beam). Consequently, the received signal by the satellite user terminals can be formulated as:
being y ∈ C K×1 the vector containing the received signals at each user terminal. Vector n ∈ C K×1 contains the noise terms of each user terminal. The entries of this vector are assumed to be Gaussian distributed with zero mean, variance equal to σ 2 and uncorrelated with both the desired signal and the rest of noise entries (i.e. E nn H = σ 2 I K ). The channel matrix can be described as follows:
where A ∈ R K×K is diagonal matrix whose diagonal entries are the atmospheric fading terms. Matrix G ∈ R K×N takes into account the rest of gain and loss factors. Its (k, n)-th entry can be described as follows
with d k the distance between the k-th user terminal and the satellite. λ is the carrier wavelength, K B is the Boltzmann constant, B W is the carrier bandwidth, G 2 R the user terminal receive antenna gain, and T R the receiver noise temperature. The term a kn refers to the gain from the n-th feed to the k-th user. It is important to mention that the G matrix has been normalized to the receiver noise term. Moreover, in the rest of the paper we will assume that N is equal to K.
In order to minimize the multiuser interference generated by the full frequency reuse and the on-board beamforming generation, precoding is considered. Under this context, the transmitted symbol vector will be (4), where s ∈ C K×1 is a vector that contains the transmitted symbols which we assume uncorrelated and unit norm E ss
K×K is the linear precoding matrix to be designed.
The regulatory constraint aim is to facilitate and foster the reuse of a given frequency band by all the communication agents. Under this context, an appropriate spectrum regulation restriction for the satellite transmission is to constraint the total signal power strength over the coverage area. With this, the terrestrial communication links can be feasible if the satellite interference signal is sufficiently low.
For this purpose, the precoder will be designed such that the signal power strength in the coverage area is below a certain threshold. Nevertheless, restricting the power level over the satellite coverage area is not feasible. The reason is that it will need a permanently feedback information from all the points in the coverage area (i.e. additional hardware would need to be deployed for monitoring the received radiation power at the coverage).
To overpass the mentioned problem, the alternative is to just bound the receive power of the satellite terminals. This alternative is feasible since the satellite user terminals can feedback information of their received power levels and the satellite can adapt its transmission accordingly. Note that using this alternative constraint it might be certain parts of the coverage area that may violate the regulation. Nevertheless, assuming that the satellite user terminals are uniformly distributed, the regulation is accomplished on average.
III. PRECODING SCHEMES: FORMULATION AND NEW DESIGNS

A. Problem Formulation
Currently, the 19.3-19.7 GHz frequency band regulation for fixed satellite services is as described in the following reference [6, Table 21 -4]. The mentioned table provides the maximum power flux density (Φ) at Earths surface produced by emissions from the satellite. Under any conditions the flux density shall not exceed the limit. Remarkably, the regulation not only imposes a limit on the flux on the maximum elevation angle, but also in the rest of the directions of arrival.
The regulation limit is shown in (5), where it is assumed that the effective receiver antenna area is circular, with a radius of 1 meter. Note that the power strength of the desired and the interference contribute to fulfil this restriction. As a consequence, the precoding design must consider this restriction over all the coverage area.
Formally, the system would control the transmitted signal power all over the coverage area. Nevertheless, since it is impossible to control in practice due to the huge extension of the coverage area, it is proposed to use the total received power of the terminals as a practical alternative. It is worthwhile to remark that the benefits of this approach are twofold: First, no extra infrastructure is needed for preserving the regulation constraints. Second, the satellite user terminals can feedback information of not only the spatial signature but also the total signal power strength, so that the system can preserve the regulation in all terminals. As it is mentioned before, the regulatory constraints are fulfilled on average as the users are uniformly distributed among the coverage area. In this way, since the precoder is computed preserving the regulation every time a new set of users is served and these users are spread among the coverage, the regulation is preserved on average.
The overall system performance can be optimized considering the maximum sum rate. The objective and the constraints are shown in (6) , where R k denotes the achievable rate of user k, vector h k is the channel experienced by user k (h k is the column k of the global channel matrix H), vector w j is the beamformer for user j (it is the column j of the precoder matrix W) and is the receiver noise power.
where R k denotes the achievable rate of the k-th user as in (7) . This achievable rate is limited by the interference from the rest of beamformers included in the precoder.
In contrast to other, let us say, classical sum-rate broadcast optimizations, note that (6) does not includes the available power constraint. It includes received power constraints instead. Indeed, the design hereafter relies on the fact that the available power constraints are not activated. This occurs in several systems where the available power is no longer the main restriction but the regulatory one. It is worthwhile to remark that, in general, the available power constraint is imposed in order to facilitate the mathematical optimization, rather than a real hardware constraint. In our case, we consider that the total receive power at the k-th satellite user terminal Hereinafter the objective will be to provide the design of the precoder that provides the largest sum rate, yet preserving the receiver power constraint.
B. LSA Multibeam Precoding
It is easy to check that the optimal solution of (6) is zero forcing (ZF) precoding, i.e. remove all the interference from the rest of scheduled users and configure the power allocation so the regulation is not violated. Indeed, since the maximum received power at user k is ρ, the optimal scheme is that all of this power is delivered by the desired signal. In that case, the precoding leads to a simple channel inversion
Usually, β ZF was set to control the power P T used at the transmitter. In the scenario of this work, this constant is devoted to preserve the receive power constraint. Thus, the adequate value for β ZF is the solution of the constraint in (6) with equality for all k(k = 1, . . . , K). The value of the β ZF to hold the receiver power bound is shown in (9), together with the used power at the transmitter P T in (10).
With this precoding design, the sum-rate becomes (11), which shows that the achievable rate depends only on the quotient of the regulation mask for the received power and the noise. This dependence dictates to use always the regulation mask normalized by the receiver noise from now on. It is also clear that the achievable rate evolves directly with this virtual SNR ρ. In addition, the system is fair since, whenever the receiver have the same noise power they have the same achievable rate
It may be claimed that the ZF design entails the computation of the inverser of (H H and this might not be feasible when matrix H is ill conditioned. Nevertheless, the presence of multiple terminals (number of terminals much greater than the number of scheduled terminals K), with proper scheduling, avoids the case of nearby terminals scheduled at the same time. As a consequence, the ZF precoder is the optimum choice for maximizing the achievable sum-rate with receiver power constraints. Nevertheless, it is well known that in terms of power efficiency, i.e. achievable rate divided by the power used at transmission, the so-called MMSE [7] represents an alternative more efficient than the ZF design. Basically, the ZF, in removing all the self interference of the system , entails the use of extra power at the transmitter. On the other hand, MMSE is more tolerant than ZF to self-interference and this reduces the amount of power used at the transmitter. For these reasons, we will retain the MMSE, referred hereafter as regularized ZF (RZF). The RZF is conceived as a diagonal loaded version of the ZF precoder as it is shown in (12).
Note that when α is equal to zero, the precoder coincides with the ZF solution. On the other hand, increasing values of the parameter will increase the interference tolerated and, consequently decreasing the achievable rate.
The proper set of the loading parameter has to be such that the regulation constraints hold for every user terminal. Computing the receiver power at every terminal is done as indicated in the next equations.
Since the value of α has to be minimum in order to maximize the achievable rate, as mentioned before, the last expression, i.e. the constraint, in (15) has to hold with the equal sign. This can be done easily with an iterative algorithm thanks to the monotonically decreasing behavior of the function with respect the parameter α.
In order to get some inside in the dependence of the loading parameter and the regulation mask, we may assume that the loading factor is much higher that the largest eigenvalue of the channel matrix. Solving for the parameter after the mentioned approximation, expression (16) shows that the loading factor is proportional to the inverse of the receiver power level bound. This shows that for small values of ρ on the received power bound, the RZF will converge to the so-called matched precoder, i.e. the precoder becomes the channel matrix.
The next section studies the sum-rate of both schemes via numerical simulations, as well as, the power efficiency of both schemes. We may expect that the ZF precoder shows its optimal character in terms of achievable rates. On the other hand, the RZF will show better performance in terms of effective use of the transmitted power, at the expense of a penalty in the achievable rate. It is important to remark that both of the selected precoders have been modified in order to hold the constraint on the maximum receiver power.
IV. PERFORMANCE AND DISCUSSION
We now proceed to evaluate the performance of our proposals. As a first approximation we study the performance under a Rayleigh channel scenario and; after, its behaviour in a multibeam satellite system.
A. Rayleigh Channel
Regardless the target scenario is the satellite under LSA, in order to better appreciate the differences that constraining the received power imposes, in the traditional ZF and RZF, the first scenario used will be a Rayleigh fading channel. Next the satellite scenario will be used to validate those conclusion obtained from the Rayleight case. Each point in the graphics will be the average over 1000 runs, for different regulation levels ρ, normalized by the noise power level, assumed equal for all the user terminals. Figure 2 shows the simulation results corresponding to the maximum achievable rate per user for both, the ZF and the RZF, precoders with K = 4. First note that, as expected, the ZF provides the highest achievable rate. This is clear since it is the optimum solution to the problem of maximizing the achievable sum-rate under receiver power control. In fact, note that the simulations show a perfect concordance with the closed formula of the achievable rate (11). The right corner, where (normalized by the noise power) is equal to one provides 1 bps/Hz, the value obtained from (11).
Note that as mentioned before the RZF for large values of the receiver power bound, i.e. no regulation constrain, converges to the ZF performance. The difference for high bound regime stays on the energy used by them. Even at the regime shown in Figure 2 , the differences can be appreciated by evaluating the energy efficiency. This energy efficiency is defined here as the quotient, in every run, of the average achievable rate per user and the energy used by the transmitter to achieve the corresponding rate. Note tha since the RZF is not fair, as it I the case for ZF, the merit ratio of power efficiency is defined with the average rate among all the users scheduled K. The used energy is computed as the norm of the transmitted snapshot. When computing the energy efficiency the added value of the RZF precoding shows up. Similarly to the spectral efficiency case, as long as the regulatory restriction is increased, the energy efficiency behavior of both ZF and RZF tends to be the same. On the contrary, for low values of RZF outperforms the ZF design. Therefore, under certain conditions, it might be convenient to resort to the RZF design at expenses of reducing the achievable data rates.
In the next section the proposed precoding designs are studied in the satellite scenario. It is expected that the results will not differ substantially from the already presented.
B. Satellite Channel
The simulation set up will be based on recent studies carried out by the European Space Agency (ESA), which provide a beam generation process and a certain channel model, which embraces the broadband fixed satellite forward transmission. The parameters settings are listed in Table I . It is assumed a total bandwidth is 500 MHz divided among 12 carriers, which perform a uniform power allocation. Only path-loss is considered in the simulations and the channel model was described in section II. All the results are obtained by averaging over 1000 runs and they are presented in Figure 4 and 5.
As it happened for the Rayleigh channel case, the larger values of ρ, the more similar behavior RZF and ZF have. This phenomenon was indicated when studying the values of alpha with respect the regulatory constraint. In addition, RZF presents higher energy efficiency when the values of ρ are moderated. On the other hand, when ρ is increased, the energy efficiency levels of the RZF tend to the ZF ones. 
V. CONCLUSIONS AND FUTURE WORK
This paper has presented a novel spectrum sharing terrestrial-satellite access scheme. The target scenario was the satellite segment so that two traditional precoders, namely ZR and Regularized ZF, have been tuned to the application holding per-user receive power constraints. This constraint is set in order to control the interference in the terrestrial terminals, which are also assumed to operate at the same frequency band. The ZF precoder is the optimum choice when, instead of controlling the available power at the transmitter, it has to control the maximum received energy per user terminal. It is also show that the optimality of the ZF precoder , in terms of maximizing the average sum-rate, is achieved at the expense of increasing the user energy at the transmitter. Furthermore, for the regulated received power scenario, the ZF is the only design that maximizes the achievable sum-rate. Thus ZF, together with proper scheduling in scenarios with large number of users terminals, overpasses the problem of its low power efficiency. In addition, it is worthwhile to remark that the ZF is also fair, since all terminal served experience the same achievable rate, this is not longer the case for other designs or, at least no, for the same level of complexity. Nevertheless, if the energy efficiency is a very important design issue, it is compulsory to resort to RZF in some cases.
Numerical simulations show the performance of the proposed designs in both a Rayleigh channel and in a satellite scenario providing simulation support to the claims described before.
In the near future, further research have to be devoted to the terrestrial precoding scheme in order to mitigate the interference generate into the satellite receiver yet preserving the regulatory restrictions. Moreover, as the satellite protocols usually group several users in a single code-word, the precoding scheme should be changed in order to incorporate a multicast optimization.
